SUMMARY Instantaneous cross sectional flow velocity profiles from early mitral flow in 10 healthy men were constructed by time interpolation of the velocity data from each point in sequentially delayed two dimensional digital Doppler ultrasound maps. This interpolation allows correction of the artificially produced skewness of velocities across the flow sector caused by the time taken to scan the flow sector for velocity recording of pulsatile blood flow. These results suggested that early mitral flow studied in an apical four chamber view is variably skewed both at the leaflet tips and at the annulus. The maximum flow velocity overestimated the cross sectional mean velocity at the same time by a factor of 1-2-2-2. Also the maximum time velocity integral overestimated the cross sectional mean time velocity integral to the same extent.
Pulsed wave Doppler has been used to record the flow patterns in non-stenotic mitral valves.'"3 The method has an accurate time resolution, but the velocities are recorded from only a small area of the valve orifice. If the velocity varies across the orifice a recording from one sample volume may differ from the mean cross sectional velocity. Recently colour flow Doppler has been used to describe flow velocity patterns. 4 This method has accurate spatial resolution, but the poor time resolution might introduce errors in the measurement of pulsatile flow because of the sweep time across the flow sector, which is needed to update the colour flow maps.
To overcome the limited spatial information given by pulsed wave Doppler and the poor time resolution ofcolour flow Doppler a new method was developed. Digital Doppler ultrasound two dimensional flow maps, obtained with the ultrasound beam directed in parallel to the blood velocities, were used to construct instantaneous flow velocity profiles across the mitral orifice.
The technique was used to examine mitral flow in 21 cm/s, and by scrolling the baseline the upper velocity limit was 120 cm/s. The lateral resolution of the ultrasound beam, defined as a 50% decrease in 178 backscattered signal from the centreline of the beam, was 2-1-2-5 mm at a depth of 8 cm from the transducer when the flow sector angle was set to 30°. Each ultrasound beam is incrementally delayed relative to the preceding beam because of the time needed to send and receive several pulses before a new beam can be sent in the next direction. The sweep time of each flow map with a flow sector-angle of 30°varies from 40 to 114 ms for different instrument set-ups and transducer. The actual sweep times are measured directly on the transducer controller inside the instrument. The flow sector can be moved by a track ball both laterally and radially in relation to the tissue sector. The width and the radial extension of the flow sector can also be adjusted while the 64 x 64 sampling volumes are maintained. The distances from the transducer to the areas of interest in the tissue and flow velocity maps are measured accurately by the analysis facilities ofthe instrument.
The men were examined in the left lateral recumbent position. The transducer was located at the apical window to give a four chamber view of the heart. Adjustment ofthe position and direction ofthe transducer and of the orientation of the flow sector reduced to a minimum the angle between the radial direction of the flow sector and the main direction of the mitral flow. The septal and lateral parts of the mitral annulus were visualised, and the sector plane was adjusted in the anterioposterior plane until optimal flow signals were obtained from the inflow channel. During data acquisition the patients were asked to stop breathing in passive end expiration with open airways.
Electrocardiographically triggered flow maps of the mitral area were made from sequential beats, and the start of the flow sweep relative to the R peak was increasingly delayed with increments of 20 ms from one beat to the next. The increases in sweep delay were adjusted manually. The first sweep was recorded before the start of passive atrioventricular flow and the last sweep after onset of flow caused by left atrial systole. The number of sweeps ranged from 13 to 19 (mean (SD) 16-1 (2 3)) in the ten men. The serial time gated recording of these flow sweeps obtained from each man was used for analysis of the flow patterns both at the mitral annulus and at the leaflet tips. None of the recording periods exceeded 25 seconds.
The ultrasound recordings were transferred to an external computer as raw Doppler data from the front end of the CFM 700 in real time or as digital velocity data from the replay memory of the instrument (fig 1) . In The recordings from subjects 5-10 were transferred from the replay memory of the ultrasound Cross sectional early mitralflow velocity profiles from colour Doppler instrument to an external computer (IBM PC compatible). At this level of data processing the Doppler data are available as digital velocity information from each of the 64 times 64 points of the flow sector from each recorded map. The selected number of consecutively recorded maps from each patient could be transferred by custom software in the ultrasound instrument. The velocities along an arc of the 64 beams at defined depths from the recordings could also be transferred from these files to a standard data file for further processing.
These standard data files, containing information on the instrument set-up as well as the digital Doppler data, were loaded into a commercial spreadsheet program (Microsoft Excel, Microsoft Corporation) where the calculations needed to correct for the sweep time and generate undistorted velocity profiles were made.
In some of the recorded maps, velocity data from some points along the arc of the ultrasound beams were missing. These "holes" were regarded as artefacts introduced by the instrument. The missing values were corrected in the spreadsheet program by comparing the velocity data close to the "hole" and replacing the missing values with the average of the two neighbouring values from the same sweep before the time interpolation procedure.
Both transfer procedures give rapid collection of high quality flow velocity data unaffected by errors introduced by the display system, video recorder, or re-digitisation of a colour coded display.
Any of the 64 arcs across the flow sector can be used to generate velocity profiles. The 3) . We calculated the instantaneous flow velocity at the leaflet tips and at the mitral annulus in all 10 men, and measured the actual depths at the time of maximum separation of the mitral leaflets in early diastole.
STATISTICAL ANALYSIS
Results are given as ranges and sample means (SD Samstad, Torp, Linker, et al. data. The profiles were to some extent skewed in all subjects, both at the annulus and at the tip of the mitral valve leaflets. The plots in fig 3 show different orientations of the skew in two patients. In patient 2 the skew is toward the posterior leaflet, while in patient 7 the skew is toward the anterior leaflet. At the level of the annulus the highest velocities were recorded anteriorly in both men.
The maximal instantaneous velocity versus the simultaneous cross sectional mean velocity gives an indication of the degree of skewness at the time of peak flow. The difference between maximum velocity and cross sectional mean velocity at the leaflet tips varied from 14 cm/s in subject 2 up to 41 cm/s in subject 6 (table). The mean differences for all subjects were 24-4 cm/s and 23 1 cm/s at the level of the leaflet tips and at the annulus respectively. Figure 4 shows the relative locations ofthe maximum velocity within the valve orifice and the maximum velocity as a proportion of the cross sectional mean velocity at the same time for each man at the levels of the leaflet tips and the annulus.
The time velocity integral is the integral ofvelocity over time for a specific point in the arc. This is the value used to estimate volume flow when recording with pulsed wave Doppler from a single sample . Plots (c) and (d) are from subject number 7 at the level of the leaflet tips and annulus respectively. In these two healthy men the instantaneousflow profiles at the leaflet tips are skewed, but the maximum velocities are at different positions in the valve orifice-in subject 2 at the posterior leaflet and in subject 7 at the anterior leaflet. The velocity profiles were skewed at the level of the mitral annulus in both men, but the highest velocities were recorded at the anterior leaflet. group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from Cross sectional early mitral flow velocity profiles from colour Doppler Tip, measurements at the level of mitral leaflet tips; annulus, measurements at the level of the mitral annulus; HR, heart rate; Max V, maximum velocity of the early mitral flow; Mean V, cross sectional mean velocity at the time of maximum velocity at the defined level; Max I, time velocity integral from the point in the flow sector at the defined level giving maximum value of early mitral flow; Mean I, mean cross sectional time velocity integral of early mitral flow at defined depth in the flow sector.
volume. The maximum time velocity integral is the maximum found for a given arc. up to 6 1 cm at the leaflet tips in subject 6 (table). The mean differences for all subjects were 2-8 cm at the leaflet tips and 2-5 cm at the annulus. Figure 5 shows the ratio of the maximum integral to the mean time velocity integral, and the relative location of the maximum integral within the orifice for each man at the levels of the leaflet tips and the annulus.
Heart rate ranged from 41 to 76 (men 61 (10)) beats per minute (table). All men were in sinus rhythm.
Discussion
The results indicated that the velocity profiles, both at the tips of the mitral valve leaflets and at the annulus, are skewed to a variable degree during the early phase of the mitral flow. At the time of peak flow, the highest velocities were 1-2 to 2-2 (tip of the leaflets) and 1-2 to 2-1 (annulus) times higher than the cross sectional mean velocity. Similar results were found when the highest time-velocity integral was compared with the mean time-velocity integral across the orifice, indicating that the profiles were skewed to some extent throughout the early phase of the mitral flow. There were no clear differences in the degree of skewness at the tip of the leaflets and at the annulus. The average overestimation of the mean velocity integral that would occur if the maximal integral had been used was 49% at the tip of the leaflets and 46% at the annulus. The standard deviation, however, was larger at the tip ofthe leaflets (27% v 15%).
The orientation of the skew within the valve apparatus varied between individuals and in some men between the annulus and the leaflet tips (fig 4) ; it also varied with time ( fig 3) . This observation suggests that the recording of maximum flow 181 182 velocity with pulsed wave Doppler ultrasound should not be guided by the location in the valve orifice at a defined depth, but by the observed maximum velocities only.
In one of the men (number 1, table) we found a higher maximum flow velocity at the mitral annulus than at the leaflet tips. This is in contrast with what is usually found with pulsed Doppler in patients and might possibly be explained by the suboptimal orientation of the plane of the sweep sector because both cross sectional profiles were obtained from the same sweeps. The small difference in maximum velocities between the annulus and the leaflet tips in four ofthe other men may similarly have been caused by a suboptimal anterioposterior orientation of the plane of the flow sector, but might also be explained by small differences in orifice size at the two locations.
Few attempts have been made to measure the velocity profiles of mitral flow because its location within the heart makes it difficult to measure. Invasive procedures may interfere with valvar or ventricular function and this may affect the mitral flow pattern.
We are aware ofonly one previous published study on the velocity profiles of mitral flow. 9 Taylor and Whamond used a Pitot needle to study flow through the mitral orifice in dogs. They reported fairly flat profiles ofearly mitral flow both at the annulus and at the tip of the valve leaflets. Taylor's results and our own may differ because we studied different species and used different techniques.
Previous estimates of volume flow based on measurements of flow velocity and flow area at the level of the mitral valve assumed a flat velocity profile.'°1' Our results suggest that values based on the maximum time velocity integral tend to overestimate the mean integral. The inconsistency of the results ofdifferent studies may partly be explained by our findings of a non-flat velocity profile and partly by inaccuracies in measurements ofthe effective flow area. 
APPLICATIONS
Colour flow Doppler provides a new way of evaluating velocity profiles within the heart because the velocity information from sample volumes located along an arc at a certain depth can be analysed. The advantage ofthis method is that the ultrasound beam can be oriented almost in parallel with the flow velocity. The resulting cross sectional velocity profiles will thus contain more accurate velocity information. However, the main problem is that these velocity profiles will be skewed when record- The present method avoids the distortion of the velocity profile caused by the time lag, making it possible to obtain accurate velocity profiles at different sites within the heart. This has important implications for volume flow calculations, especially in regurgitation and with shunts. Because the streamlines of the mitral flow probably ran in parallel, at least during part ofdiastole, and the ultrasound beams making up the Doppler colour sector did not, the angle of incidence between the flow and measurement direction varies from one side ofthe flow area to the other. To minimise the error on profile calculations we attempted to align the centreline of the Doppler sector with the centreline of the flow. A sector angle of 300 was sufficient to cover the mitral flow in the region of interest, limiting the maximum angle of incidence to about 15%. Accordingly, an error on velocity estimates should be less than 6%. When the velocity pattern is more complicated (that is the streamlines are not parallel) or when the vector ofthe velocities is out of the plane of the flow velocity sector the error may be larger.
The velocity estimates at each point in the two dimensional flow map are based on calculations ofthe Doppler shift of the received signal from each point in the sector. In conventional Doppler recordings, fast Fourier transformation is used to give a spectrum display as well as maximum and mean estimates. Because the two dimensional flow technique has a much faster rate of data acquisition than conventional Doppler, more efficient processing of the data is required. The algorithm used by the instrument is based on calculation of the centre frequency (that is the mean frequency of the Doppler spectrum from each point in the flow sector) and intensity of the received signal based on an autocorrelation technique. If flow is not disturbed this method gives accurate velocity estimates.78
The lateral resolution of the system caused two neighbouring points in the three dimensional plots to overlap at a position where the power of the backscattered signals was reduced to 60% of the maximum power centrally in each beam (fig 3) . The influence of points that were further apart was not significant. Hence the resolution of the three dimensional plots was regarded as appropriate.
The high pass filter of the instrument used was set at 21 cm/s, which means that velocities below this limit were not recorded. The upper velocity range is limited by the Nyquist frequency.2' However, by moving the baseline this limit can be increased up to two times the Nyquist velocity minus the high pass filter velocity limit. We used a 3 MHz transducer with an upper velocity limit of 120 cm/s. The two different routines for transferring the digital ultrasound data from flow sweeps introduced no differences in the calculation of flow velocities because both methods used the same algorithm to calculate velocity. Also we calculated the instantaneous flow velocity profiles in the same way in all the men-by linear time interpolation between the acquired data from the sequentially delayed flow maps.
SOURCES OF ERRORS
Because the recording technique samples data from several heart beats it requires exact aiming, without transducer movement during the recording period. Thoracic movement and changes in mitral flow volume caused by respiration were likely to introduce errors. So the men were asked to stop respiration in passive end expiration with open airways during data acquisition.
Changes in the selected depth of sampling caused by volume filling of the left ventricle during the recording period were not corrected because the change in location of the mitral annulus within the two dimensional flow sector was considered to be small during early diastole.
Irregularities in heart rate and rhythm, as well as the increment in the sequentially delayed two dimensional flow maps relative to the trigger marker (the R wave of the electrocardiogram signal), could also introduce errors in calculations of the instantaneous flow velocity profile.
To reduce these sources of error we checked all recordings for inaccuracies by replaying video recordings. Because the two dimensional tissue sector is updated immediately before the two dimensional flow map, changes in tissue and flow sectors relative to the heart from one heart beat to the other could be monitored.
CONCLUSIONS
The use ofdigital flow velocity information from two dimensional Doppler flow maps of the early mitral flow, using time interpolation of the acquired data from sequentially delayed flow maps, provides a new method for calculation of instantaneous flow velocity profiles.
The results from our study give new information on the distribution of mitral flow velocity across the width ofthe mitral valve at the levels ofthe leaflet tips and at the annulus in the human heart. This shows that the instantaneous flow velocity profiles are variably skewed at both sample depths in an apical four chamber view. A skewed profile of early mitral flow velocity should be borne in mind when recordings from a small area in the valve orifice are used for volume flow calculations; this skewness may result in significant errors.
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